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a b s t r a c t 
Retention and desorption of hydrogenic species need to be accurately modeled to predict the tritium in- 
ventory of next generation fusion devices, which is needed both for tritium fuel recovery and for tritium 
safety concerns. In this paper, experiments on thermal desorption of deuterium from intrinsic polycrys- 
talline tungsten defects using laser heating are compared to TMAP-7 modeling. The samples during deu- 
terium plasma exposure were at a temperature of 373 K for this benchmark study with ion ﬂuence of 
0.7–1.0 × 10 24 Dm −2 . Following plasma exposure, a ﬁber laser ( λ = 1100 nm) heated the samples to peak 
surface temperatures ranging from ∼500 to 1400 K with pulse widths from 10 ms to 1 s, and 1 to 10 
pulses applied to each sample. The remaining deuterium retention was measured using temperature pro- 
grammed desorption (TPD). Results show that > 95% of deuterium is desorbed when the peak surface 
temperature reached ∼950 K for > 1 s. TMAP-7 is used to predict deuterium desorption from tungsten for 
a range of surface temperatures and heating durations, and is compared to previous work on desorption 
from beryllium codeposits. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
The allowable inventory of tritium (T) in the plasma facing
omponents of future tokamaks will be limited due to nuclear reg-
lations, and thus understanding retention and release of hydro-
enic species in tungsten (W) is needed for successful reactor oper-
tion. W is presently one of the leading candidates for the plasma
acing wall of a fusion reactor due to its high melting temperature,
igh thermal conductivity, and low erosion from energetic plasma
ons. There is a large body of previous work on W exposed to hy-
rogenic plasmas, and in particular investigating the dependence
f retention on ion ﬂuence, ﬂux, and near steady-state surface tem-
erature [1–3] . However, the question of how thermal desorption
f hydrogenic species from W depends on both transient peak sur-
ace temperature and heating duration is not well studied. In this
aper, we investigate the basic mechanisms of deuterium (D) ther-
al desorption using laser heating to provide a controlled temper-
ture evolution of W samples. 
Laser techniques for removal of hydrogenic species from the
alls of fusion devices can be broadly categorized in terms of
he laser intensity being in the ablative or non-ablative regime.∗ Corresponding author. 
E-mail address: j2yu@eng.ucsd.edu (J.H. Yu). 
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http://dx.doi.org/10.1016/j.nme.2016.10.017 igh peak power densities achievable with short pulse lasers (fs
o tens of ns) can easily exceed the ablation threshold for ma-
erials, and in this regime removal of hydrogenic species is ac-
omplished by bulk erosion of material [4,5] . In contrast, lasers
ith intensity below the ablation threshold release trapped hy-
rogenic species from materials using thermal desorption, which
s the regime studied here. Previous laser studies showed effective
emoval of hydrogen isotopes from carbon (C) codeposits when
he temperature was suﬃciently high ( ∼1470 K for 1.5–3.5 ms in
6] and ∼2270 K for 10 ms in [7] ). However, laser heating of mixed
aterial beryllium-carbon codeposits showed low tritium release
7] , and laser heating of beryllium (Be) codeposits at lower sur-
ace temperatures ( ∼10 0 0 K for 10 ms) showed only ∼25% D re-
oval [8] , which was in reasonable agreement with TMAP-7 mod-
ling [9] . On W, short pulse (20 ps) laser-induced removal of D has
een performed in both the ablative and non-ablative regimes, and
he ablation threshold for W was found to be ∼1.5 × 10 15 Wm −2 
10] . In [11] , D remained trapped in W using laser-induced des-
rption when the steady-state exposure temperature was > 400 K,
ven with relatively high laser heating up to 1800 K and with 3 ms
uration. 
In the present paper, we benchmark TMAP-7 modeling of hy-
rogenic retention and long-pulse ( > 10 ms) laser-induced thermal
esorption by comparing modeling results to TPD measurements.
he model is then used to predict D release as a function of peakY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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a  surface temperature and pulse width, with the goal of providing
insight into the timescale required for hydrogenic desorption from
W. Modeling may provide additional guidance for laser parameters
required for laser-induced desorption spectroscopy (LIDS) on W. 
2. Experimental setup 
Polycrystalline W samples with grains orientated perpendicular
to the surface were provided by Midwest Tungsten Service and cut
into samples with 6 mm diameter and 1.5 mm thickness. All sam-
ples were ultrasonically cleaned in acetone and ethanol, and sub-
sequently outgassed, which consisted of a linear temperature ramp
of 0.5 Ks −1 followed by 1 h at ∼10 0 0 K. 
In each D plasma exposure, four W samples were simultane-
ously exposed inside a plasma etcher (inductively coupled plasma
source) with 1 kW of RF power at 13.56 MHz. The samples were
biased to −100 V ( ∼110 eV ion energy) and actively cooled with air
to maintain a temperature of 373 K during plasma exposure, with
temperature deviation being less than + / −10 K. The samples were
intentionally kept cool during plasma exposure in order to obtain
good signal-to-noise in the TPD signals and for accurately bench-
marking TMAP-7 modeling. Plasma densities, temperatures, and D
ion ﬂuxes for the four plasma exposures used in this paper were
6–7 × 10 15 m −3 , 2.7–2.9 eV, and 2.0–3.4 × 10 20 m −2 s −1 , respectively,
with total D ﬂuence of 0.7–1.0 × 10 24 m −2 . The molecular ion con-
centrations of D + , D 2 + , and D 3 + were calculated to be 0.72, 0.06,
and 0.22, respectively, using a model [12] based on rate balance
equations and cross-section data from the literature. After plasma
exposure the samples were removed from the vacuum chamber
and were reloaded one-by-one, so that each sample was individ-
ually irradiated by the laser (no simultaneous plasma exposure).
This procedure was repeated such that three samples were sepa-
rately irradiated by the laser; the fourth sample was used as a ref-
erence and received no laser heating. The time duration between
the end of plasma exposure and laser irradiation ranged from 24
to 46 hours to allow all samples to undergo the initial rapid decay
of room-temperature retention, as measured in [13] . 
A ﬁber laser (Coherent Highlight 10 0 0FL) with wavelength of
1100 nm and approximately Gaussian spatial proﬁle was used to ir-
radiate the W samples. Fig. 1 shows the experimental setup of the
ﬁber laser, helicon plasma chamber, and 2-color pyrometer. Diodes
optically pumped a doped ﬁber optic cable inside the laser. The
coiled doped ﬁber provided a long interaction length and thus high
photon conversion eﬃciency, producing a maximum power output
of 1.07 kW with a square temporal pulse shape of variable pulse
width. A water-cooled output coupler acted as the cavity mirror
on one end of the doped ﬁber, and also transmitted laser light
to a delivery ﬁber. Lenses were used to collimate the laser light
and to provide the desired beam size at the sample. Laser light
entered the plasma vacuum chamber through a laser window and
traversed ∼50 cm in free space to the sample, which was tilted at
an angle of 20 ° (between the surface normal and the laser beam)
so that reﬂected laser light would hit the water-cooled vacuum
vessel wall instead of propagating backward up the optical path.
Each sample was mounted and irradiated separately to ensure only
one sample was heated at a time. The laser spot size (1/e 2 width
∼ 10 mm) at the sample was larger than the sample size (6 mm
diameter) to achieve a relatively uniform laser intensity across the
sample. From the center of the sample to the edge, the laser inten-
sity variation was approximately 25%, as measured with a camera
imaging diffusely reﬂected laser light from unpolished samples. A
reﬂectivity of 0.6 for W [14] was used in the present paper when
quoting absorbed power densities. 
The laser shots were monitored by a video camera and a fast
2-color pyrometer [15] , both of which viewed the samples through
a window in the etcher vacuum vessel. The pyrometer containedPlease cite this article as: J.H. Yu et al., Deuterium desorption from tu
http://dx.doi.org/10.1016/j.nme.2016.10.017  beamsplitter and interference ﬁlters with central wavelengths of
300 nm and 1550 nm, both with a spectral bandwidth of 100 nm.
n additional ﬁlter that transmitted λ > 1200 nm was placed be-
ore the beamsplitter to minimize detection of diffusely reﬂected
aser light from the sample. A photo-diode (PD) and a photo-
ultiplier tube (PMT) were used to detect the 1300 and 1550 nm
ignals, respectively. Additional calibrated neutral density ﬁlters
ere used in front of the PMT as needed to avoid saturation. The
emporal resolution of the PD depended on the gain and was typ-
cally < 1 ms, while the PMT had a faster response of ∼10 μs. The
yrometer was calibrated using a W strip lamp with known tem-
erature as a function of lamp current. A 2-color method was used
o calculate the surface temperature, which relied on the assump-
ion that the ratio of the sample emissivities at the two measured
avelengths during the actual measurement was the same as that
uring the calibration. 
Following plasma exposure and laser irradiation (except for the
eference samples), the samples were separately heated in the TPD
ven to measure the remaining deuterium after waiting approxi-
ately one week from the time of plasma exposure. For the TPD
ata, the samples were heated from 300 to 1270 K at 0.5 K/s and
he released D 2 , HD, and H 2 were monitored by a residual gas
nalyzer which was calibrated with a known D 2 leak rate. Dur-
ng TPD, the H 2 signal was larger than the other signals by up
o 4 orders of magnitude due to water vapor on the surfaces of
he TPD vacuum system. This large H 2 partial pressure signal ( P H 2 )
ffected the raw HD and D 2 signals ( P HD and P D 2 , respectively)
ue to imperfect mass ﬁltering in the QMS, and due to the natu-
al isotopic ratio of D/H = 1.56 ×10 −4 . Therefore a background sub-
raction method was used to eliminate the spurious H 2 contri-
ution to P HD and P D 2 , and the TPD ﬂux of D was calculated as:
D = 2 c( P D 2 − f ( P H 2 ) ) + c( P HD − g( P H 2 ) ) , where c is the calibration
actor, and f and g are background subtraction ﬁtting functions
linear with P H 2 ) based on the measured signals during the pre-
eating phase and during the cool-down phase of TPD. From the
se of c in the formula above, it can be seen that the sensitivity
or HD is assumed to be the same as that for D 2 . Compared to a
impler constant background subtraction, this more elaborate back-
round subtraction was signiﬁcant only when P HD / P H 2 or P D 2 / P H 2 
as  10 −3 . 
. TMAP-7 modeling and results 
Each phase of the experiment was modeled with TMAP-7, with
he three phases consisting of 1) plasma exposure, 2) laser heating,
nd 3) TPD. The reference sample (no laser) was used to deter-
ine the trap release energies and trap concentrations by model-
ng both the plasma exposure and TPD. Three traps were used with
elease energies of 1.02 eV, 1.27 eV, and 1.95 eV and trap concentra-
ions of 3300 ppm, 75 ppm, and 2 ppm, respectively. Intrinsic traps
ere modeled and thus the distribution of traps was assumed to
e uniform throughout the bulk. Trap energies were chosen based
n the quality of the TMAP simulated ’ﬁt’ to the desorption max-
ma in TPD data. The trap concentrations were chosen to match
he peak heights of the measured TPD releases, and TMAP oper-
tes on the premise of singular trap occupancy. Fig. 2 shows the
PD release D ﬂux modeled by TMAP-7 as the black solid line,
hich ﬁts reasonably well with the data shown as black circles.
his reference sample had a TPD peak at 500 K and a total reten-
ion of 3.2 × 10 20 Dm −2 , which is 4.5 ×10 −4 times the plasma ﬂu-
nce. For 373 K plasma exposure, the TPD signal was dominated by
 low energy release peak with a trap release energy at 1.02 eV. In
16] , a release energy of 1.07 eV has been associated with vacancy
rapping, however, low energy (0.8–1.1 eV) release energies have
lso been associated with impurity and dislocation trapping [17] ,
s well as trapping at grain boundaries [13] . A trap at 1.27 eV wasngsten using laser heating, Nuclear Materials and Energy (2016), 
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Fig. 1. Schematic of experimental setup: a) ﬁber laser, b) pyrometer, and c) RF plasma chamber. Laser irradiation was performed after plasma exposure. 
Fig. 2. Data points are TPD results from 4 samples that were simultaneously ex- 
posed to D plasma, with 3 samples subsequently laser heated before TPD. Laser 
pulse width was 1 s with 5 pulses on each laser-irradiated sample. The 6.7 and 
9.8 MWm −2 cases are ampliﬁed by a factor of 5 for visibility. TMAP-7 results are 
shown as solid lines. . 
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i  lso used in our model to achieve slightly better agreement with
he data on the falling edge of the low-energy peak in the TPD
emperature range of 600 to 700 K. In previous work [17] , 1.1 and
.3 eV traps were used to model TPD data from un-irradiated W
nd the total trap concentration from these traps was 3200 ppm,
imilar to the total trap concentration used in the present paper.
he TPD peak in the previous work was broader than our data,
nd the concentrations of the 1.1 and 1.3 eV traps were 1700 ppm
nd 1500 ppm, respectively. Please cite this article as: J.H. Yu et al., Deuterium desorption from tu
http://dx.doi.org/10.1016/j.nme.2016.10.017 In our model the sample was implanted with D ions during
lasma exposure using a 0.65 reﬂection coeﬃcient and 4.5 nm im-
lantation depth, which were based on TRIM calculations in [18] .
ll other parameters were taken from the Val-2d TMAP-7 model
alidated for tungsten [19] , which uses Sievert’s law for D solubility
n W and Frauenfelder’s diffusion coeﬃcient [20] . The D implanta-
ion range does not support a signiﬁcant temperature gradient and
he Ludwig–Soret effect is not included in the model. 
The model parameters for the reference sample were used to
imulate D release during laser heating, as shown in Fig. 3 . These
amples were exposed to the same plasma as the reference sam-
le, and subsequently each sample was irradiated separately with
 laser pulses of various power densities. The pyrometer measure-
ents during one laser heat pulse are shown as the data points
nd are used as inputs for the TMAP-7 time-dependent surface
emperature when modeling desorption by the laser. Error bars on
he temperature measurements were obtained by assuming a 50%
ncertainty in the absolute calibration of the intensity of light de-
ected by the pyrometer. For the 4.3 MWm −2 case, the aperture on
he λ = 1550 nm pyrometer detector was opened to its maximum
osition, which allowed detection of lower T compared to the
ther cases. The temperature boundary condition used in TMAP-7
or the backside of the 1.5 mm thick samples was room tempera-
ure throughout the laser pulse. Note that the temperature tempo-
al proﬁle in the model had a short duration of 2 s between each
ulse, but in the experiments the duration between each pulse was
 few minutes. This does not affect the results because the amount
f D desorbed from the cold sample between laser pulses was neg-
igible. 
Following the modeling of laser D desorption, TPD was modeled
nd the results are shown as solid lines in Fig. 2 , with the 6.7 and
.8 MWm −2 release ﬂuxes multiplied by a factor of 5 for visibil-
ty. The low temperature release peak was reduced by the weakerngsten using laser heating, Nuclear Materials and Energy (2016), 
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Fig. 3. Three pairs of plots are shown for three different absorbed laser power den- 
sities (color-coded with Fig. 2 ). In each pair, the data points in the top plot show the 
measured surface temperature which is used an input to TMAP-7 modeling, shown 
as the solid lines. The lower plots show the laser-induced desorbed D ﬂux (units of 
m −2 s −1 ) predicted by TMAP-7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The remaining D in W following laser irradiation as a function of peak sur- 
face temperature reached during the laser heat pulses. T peak for the “no laser” ref- 
erence case was the steady-state sample temperature during plasma exposure. The 
solid line shows the remaining D predicted by TMAP-7 after ﬁve 1 s heat pulses 
with temporal shape shown in Fig. 3 , and is to be compared with the ﬁve-pulse 
data points shown as circles. 
Fig. 5. Solid lines show TMAP-7 prediction of the remaining D in W as a function 
of heat pulse duration (square temporal shape used for the temperature evolution). 
Data points are the D inventory measured using TPD following laser heating, nor- 
malized to the total inventory from the reference samples. 
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plaser pulses, while the 9.8 MWm −2 laser pulse with a peak tem-
perature of 1280 K completely eliminated the low temperature TPD
peak. Integrating the TPD curves gives the remaining D inventory
in the samples, which is shown in Fig. 4 . When the laser created a
peak surface temperature of ∼650 K from ﬁve 1 s heat pulses using
∼4.3 MWm −2 of absorbed power density, ∼55% of the trapped D
was released from the sample. 
The model was developed using the low temperature peak in
the reference case, and some disagreement exists between the
model and TPD data at higher release temperatures for the 6.7 and
9.8 MWm −2 cases. This discrepancy may be caused by the uncer-
tainty in the TPD signals for these higher laser power cases due to
the low D 2 signal (due to laser desorption) and large background
H 2 signal. The high temperature ( > 600 K) TPD release will be ad-
dressed in future work using a higher sample temperature during
plasma exposure. In addition, NRA depth proﬁles of the D concen-
tration will be used to further constrain the model. 
We have extended modeling over a broad range of timescales
as shown in Fig. 5 , which shows the TMAP-7 prediction for laser
desorption of implanted D from 373 K exposed W for a family
of curves with various peak surface temperatures. The solid lines
show the remaining D in W after transiently heating the sample
with a square temporal temperature proﬁle (i.e., the temperature
evolution was modeled as a step function). The remaining D is nor-
malized to the total D inventory of the reference sample, Do . A
square temperature proﬁle is used here for simplicity because thePlease cite this article as: J.H. Yu et al., Deuterium desorption from tu
http://dx.doi.org/10.1016/j.nme.2016.10.017 xact temperature evolution depends on the temporal shape of the
eat pulse [15] and the boundary conditions on the backside of
he sample. The data points are plotted at time durations on the
-axis equal to N τ , where N is the number of pulses and τ is the
aser pulse width. However, the actual surface temperature tempo-
al proﬁles have a ﬁnite rise time. Thus, half-error bars are plotted
ith their lengths determined from the time t that the measured
 surf (with error bars) lies within the temperature ranges shown in
he legend of Fig. 5 , with the half-error bar lengths given by N t. 
The amount of D released from thermal LID depends not only
n the peak surface temperature, but also on the duration of laser
eating. This is because trapped D has a higher probability of es-
aping with longer heating times, and also because a longer heat
ulse penetrates deeper within the bulk. ngsten using laser heating, Nuclear Materials and Energy (2016), 
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[  . Discussion 
The majority of tritium inventory in ITER will be in Be/T code-
osits. Previous work on laser-induced thermal desorption from ∼
 μm thick Be/D codeposits showed that only ∼25% of the trapped
 was released at peak surface temperatures of ∼10 0 0 K with
 heat pulse duration of 10 ms [8] . Modeling showed reasonable
greement with these earlier experiments, and predicted that the
elease of D from Be/D codeposits strongly depends on the Be/D
ayer thickness [9] . This was also shown by simulations in [21] ,
hich further showed the dependence of D release on heating du-
ation. That modeling predicted ∼92% of the trapped inventory was
eleased from a 10 μm Be/D deposit after 10 s of heating with
urface temperature of 1100 K, but only ∼50% was released after
 s. 
The D desorption characteristics of Be/D codeposits is in con-
rast to the present work on W, in which nearly all D is re-
oved from 373 K exposed W when the peak surface temperature
s > 10 0 0 K for a heating duration > 1 s. Using a shorter heat du-
ation of 10 ms, our modeling of W predicts that ∼80% of D is re-
eased with T surf = 10 0 0 K, as seen from Fig. 5 . The fraction of D
eleased is expected to depend on the steady-state exposure tem-
erature of W during D implantation, and this will be the subject
f future work. 
The higher rate of D release from W compared to Be/D code-
osits is due to differences in trap concentrations, material char-
cteristics, and possibly due to differences in the depth distribu-
ion of D. In the Be/D models [9,21] , the trap concentrations were
0–100x higher than that for W. Thus, the multi-step process of
e-trapping, migration, and re-trapping in the codeposit appears to
imit D release. In addition, the surface recombination of D on W is
nown to be much faster than that on Be (e.g., compare [22] and
23] ). Finally, the distribution of D is uniform throughout a Be/D
ayer, while D diffusing into 373 K W during implantation reaches
 maximum depth of a few μm [24] . 
. Conclusion 
This work is a benchmark study of long-pulse ( > 10 ms) laser-
ased thermal desorption of D from intrinsic traps in 373 K ex-
osed polycrystalline W. TMAP-7 modeling of plasma exposure,
aser heating, and TPD, captures the basic features of the processes
sing 3 traps with release energies of 1.02 eV, 1.27 eV, and 1.95 eV.
he model and the data show that D release depends on both
urface temperature and heating duration, with laser heating des-
rbing nearly all ( > 99%) trapped D when the surface temperature
eaches 1280 K for 1 s pulse widths. At the other extreme of our
ata range, laser heating for 10 ms up to ∼500 K shows that < ∼
% is released. The release characteristics of W are compared to
revious work on Be/D codeposits, and the larger release rate of D
rom W compared to that from Be/D is attributed to differences in
aterial properties (such as the higher surface recombination rate
f D on W) and to the higher trap concentration in codeposits (due
o the presence of BeD). 
Future work includes performing laser thermal desorption on
 samples with ITER-relevant temperatures during plasma expo-
ure. At higher steady-state surface temperatures and plasma ex-
osure duration, D diffuses deeper in the W bulk and could also
e trapped in defects with higher release energy. While a higher
 temperature will decrease the amount of trapped D in undam-
ged W, the hydrogenic inventory in the ITER W divertor will
ot be negligible because fusion neutrons will create additional
efects that act as trap sites in W [25–27] . Thus, future work
lso includes studying laser desorption at elevated temperatures in
isplacement-damaged W. Please cite this article as: J.H. Yu et al., Deuterium desorption from tu
http://dx.doi.org/10.1016/j.nme.2016.10.017 cknowledgment 
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